Centrosomes and their associated microtubules direct events during mitosis and control the organization of animal cell structures and movement during interphase. The centrosome replicates during the cell cycle, directs the assembly of bipolar mitotic spindles, and plays an important role in maintaining the fidelity of cell division. Recently, tumor suppressors such as p53 and retinoblastoma protein pRB have been localized to the centrosome in a cell cycledependent manner. Immunof luorescence microscopy and analysis of isolated centrosomes now provide evidence that BRCA1 protein, a suppressor of tumorigenesis in breast and ovary, also is associated with centrosomes during mitosis. Our results indicate that BRCA1 localizes with the centrosome during mitosis and coimmunoprecipitates with ␥-tubulin, a centrosomal component essential for nucleation of microtubules. Furthermore, ␥-tubulin associates preferentially with a hypophosphorylated form of BRCA1.
Breast cancer affects one in eight women in the Western world, with genetic predisposition caused by BRCA1 accounting for͞3% of breast cancer cases. This gene is also responsible for a familial predisposition to ovarian cancer. Most of the mutations that have been identified in these families are frameshift, nonsense, or splice-site alterations, that generate truncated BRCA1 protein (1) (2) (3) .
BRCA1 encodes a protein of 1,863 amino acids (Ϸ220-kDa). The presence of an N-terminal zinc-ring domain and a Cterminal transactivation domain suggest that BRCA1 might be a transcription factor (4) . Indeed, BRCA1 contains two putative nuclear localization signals (5) , and its C-terminal domain shows transcription-activation activity when fused to the GAL4 DNA-binding domain (6, 7) . BRCA1 protein is a component of the RNA polymerase II complex (8) , and coactivates p53-mediated transcription (9) . As BRCA1 also forms a complex with rad51 in mitotic and meiotic chromosomes, it may be involved in DNA repair and the maintenance of genomic integrity (10) . Knockout experiments in mice have revealed that BRCA1 might be required for cell proliferation, because homozygous BRCA1 knockout mice die at an early stage of embryogenesis (11, 12) .
BRCA1 protein is localized mainly in the nucleus (13) . It is expressed and phosphorylated in a cell cycle-dependent fashion (14, 15) ; the mRNA increases at G 1 ͞S, remains high through S and G 2 ͞M, and decreases in G 1 . Some investigators have reported that protein and mRNA levels rise and fall in parallel during progression of the cell cycle (16, 17) , but others have seen no obvious changes in protein concentration (18) . BRCA1 is phosphorylated in S and M phases (14, 15, 19) and after DNA damage (19, 20) . However, when MCF-7 cells are arrested in G 2 ͞M by colchicine, most of their BRCA1 protein is hypophosphorylated (19) .
The centrosome controls assembly of microtubules, a process that plays a central role in organizing cell structure, determining cell polarity, directing cell movement during interphase, and orchestrating formation of the bipolar spindle during mitosis (21) . In mammalian cells the centrosome is comprised of a pair of centrioles (short cylinders constructed from nine triplet microtubules consisting of ␣͞␤ tubulin dimers) and amorphous pericentriolar material. The centrosome normally duplicates once during each cell cycle starting at the G 1 ͞S transition; duplication usually is completed by G 2 . As mitosis begins, the two centrosomes separate to organize the bipolar mitotic spindle. The centrosome contains hundreds of proteins, some of which have been identified, e.g., ␥-tubulin (22, 23) and pericentrin (24) . Both are components of pericentriolar material. ␥-Tubulin is associated with the minus-end of microtubules and is responsible for their nucleation (25) .
An increasing number of proteins that regulate the cell cycle, especially those that control G 2 ͞M progression, have been localized to the centrosome; cyclin A, cyclin B (26), p34 cdc2 (27, 28) , and 14-3-3 (29) are examples. Brown et al. (30) reported that the p53 tumor suppressor also is associated with the centrosome in interphase cells; moreover, p53 Ϫ͞Ϫ mouse embryonic fibroblasts show a high frequency of abnormal mitoses with amplified centrosomes (31) . pRB is also present in mitotic spindles and centrosomes during mitosis (32) , but deficiency of pRB does not affect centrosome duplication (31) .
Here we report that BRCA1 protein is associated with centrosomes during mitosis, on the basis of immunofluorescence staining of whole cells and biochemical analysis of isolated centrosomes. We also show that BRCA1 interacts with ␥-tubulin, a key structural component of the centrosome. We suggest that BRCA1 may interact with other centrosome components to help control appropriate assembly of mitotic spindles and regulate G 2 ͞M progression, or to modify the BRCA1 protein itself to prepare for the next cell cycle. BRCA1 protein also may associate with the centrosomes to ensure appropriate distribution to the two daughter cells.
MATERIALS AND METHODS
Cell Culture and Transfection. COS-7 (simian virus 40-transformed monkey kidney) and 293 (adenovirus-transformed human kidney) cells were cultured in low-glucose DMEM supplemented with 10% fetal bovine serum. An immortalized human mammary epithelial cell line, 184A1, was maintained in MCDB170 medium (33) . MCF7 cells were grown in MEM supplemented with nonessential amino acids, sodium pyruvate, and 10% fetal bovine serum. A primary normal human mammary epithelial cell strain, BE46, and its derivative (E6͞BE46) immortalized by the E6 oncogene of HPV16, were cultured in CDM3 medium (34) .
Immunof luorescence Microscopy. Cells were grown to exponential phase in glass chamber slides and fixed in 2% neutral paraformaldehyde in PBS for 30 min on ice, then permeabilized in 0.2% Triton X-100 in Tris-buffered saline (TBS) (10 mM Tris, pH 7.5͞150 mM NaCl͞1 mM KCl) for 10 min at room temperature or fixed in cold methanol for 5 min. All antibodies were diluted in TBS with 0.1% Triton X-100, 1% BSA, and 3% goat serum. Incubation with primary antibody was carried out for 1 h at room temperature. After three washes with TBS, incubation with secondary antibody was carried out for 30 min at room temperature, followed by staining of DNA with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) for 5-10 min. Slides were mounted with Antifade (Molecular Probes) after three washes in TBS, and examined with a fluorescence microscope (Zeiss) under the 100ϫ objective. Color slides were taken using Kodak Ektachrome 400 film. Primary antibodies for these experiments included BRCA1 MS110 (1:100 dilution, mouse IgG1, Calbiochem Ab-1); BRCA1 C-20 (1:100, rabbit polyclonal IgG, Santa Cruz Biotechnology); ␥-tubulin GTU-88 (1:2000, mouse IgG1, Sigma); ␣-tubulin DM1A (1:1000, mouse IgG1, ICN); and pericentrin 4B (1:500, rabbit polyclonal, a gift from S. Doxsey, University of Massachusetts Medical Center). Secondary antibodies included affinity-purified and human serum-adsorbed fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Southern Biotechnology Associates) and Texas Red-conjugated AffiniPure goat anti-rabbit IgG (Accurate Scientific, Westbury, NY). Secondary antibodies were used at final dilutions of 1:200 to 1:400.
Centrosome Isolation and Western Analysis. Isolation of centrosomes was based on a method developed by Moudjou and Bornens (35) . Exponentially growing COS-7 or MCF7 cells were incubated with culture medium containing 1 g͞ml cytochalasin D and 0.2 M nocodazole for 1 h at 37°C, to depolymerize actin and microtubule filaments. Cells then were harvested by trypsinization and lysed in a solution of 1 mM Hepes (pH 7.2), 0.5% Nonidet P-40, 0.5 mM MgCl2, 0.1% 2-mercaptoethanol with proteinase inhibitors (EDTA-free proteinase inhibitor cocktail, Boehringer Mannheim) and phosphatase inhibitors (50 mM sodium fluoride, 1 mM sodium orthovanadate). Swollen nuclei and chromatin aggregates were removed by centrifugation at 2,500 ϫ g for 10 min, and the supernatant was filtered through a 50-m nylon mesh. Hepes was adjusted to 10 mM, DNase I (Boehringer Mannheim) was added to 2 units͞ml, and the mixture was incubated for 30 min on ice. The lysate then was underlaid with 60% sucrose solution (60% wt͞wt sucrose in 10 mM Pipes, pH 7.2͞0.1% Triton X-100͞0.1% 2-mercaptoethanol). Centrosomes were sedimented into the sucrose cushion by centrifugation at 10,000 ϫ g for 30 min. This crude centrosome preparation was purified further by discontinuous sucrose gradient centrifugation at 120,000 ϫ g for 1 h. Usually 1-3 ϫ 10 7 cells were lysed in 5 ml of lysis buffer, and the cushion consisted of 0.5 ml of 60% sucrose. After centrifugation, 1.5 ml from the bottom layer was resuspended and loaded onto a discontinuous gradient consisting of 500 l of 70%, 300 l of 50%, and 300 l of 40% sucrose solutions. Fractions were collected from the bottom, 200 l per fraction, from fractions 1-7; the remaining solution (Ϸ1 ml) was collected as fraction 8. Each fraction was diluted in 1 ml of 10 mM Pipes buffer, pH 7.2. Centrosomes were recovered by centrifugation at 15,000 rpm for 10 min in a microfuge and denatured in SDS sample buffer (62.5 mM Tris, pH 6.8͞10% glycerol͞2% SDS͞1.4% 2-mercaptoethanol͞ 0.001% bromophenol blue). Whole-cell lysates were prepared by sonicating cells briefly in a modified RIPA buffer (50 mM Tris, pH 8.0͞150 mM NaCl͞0.1% SDS͞0.1% sodium deoxycholate͞1% Nonidet P-40) with proteinase and phosphatase inhibitors, followed by centrifugation at 13,000 rpm for 10 min in a microfuge to remove cell debris, and denatured in SDS sample buffer. Proteins were separated by SDS͞4-15% polyacrylamide gels and transferred to nitrocellulose membranes. Membranes were blocked in 100 mM Tris (pH 7.5) 150 mM NaCl, 0.1% Tween 20 (TBST) with 2% dry milk for 30 min at room temperature. Primary and secondary antibody hybridizations were carried out in TBST with 2% dry milk for 30-60 min; membranes were washed in TBST. Signals were detected by using enhanced chemiluminescence (Amersham or Pierce). Primary antibodies for these experiments included (i) BRCA1 MS110 (mouse IgG1 Flow Cytometry. Cells were trypsinized and resuspended in ice-cold PBS (devoid of magnesium and calcium ions) at a density of 1-2 ϫ 10 6 ͞ml, fixed by adding 2 ml ice-cold methanol per ml of cells in PBS with vortexing, and incubated at least 30 min on ice. Cells were collected by centrifugation at 1,000 ϫ g, resuspended in a solution containing 0.5 ml of propidium iodide and 0.5 ml of ribonuclease A (200 units͞ml), and incubated at least 30 min at room temperature before analysis by flow cytometry.
Immunoprecipitation. Cells were lysed in PBS with 0.1% Nonidet P-40, 0.1% Triton X-100, protease inhibitors (20 g͞ml aprotinin͞10 g͞ml leupeptin͞1 mM phenylmethylsulfonyl fluoride͞1 g͞ml pepstatin A) and phosphatase inhibitors (50 mM sodium fluoride, 1 mM sodium orthovanadate), and sonicated briefly. Lysates cleared by centrifugation at 13,000 rpm for 15 min were incubated with 3 g of BRCA1 C-20 with or without 20 g of C-20 peptide; or incubated with 7-14 g of ␥-tubulin antibody for 30 min on ice. Either protein A-Sepharose or protein G-agarose (Sigma) was added and the incubation was continued for 1-2 h at 4°C. Samples were washed four times with the lysis buffer, denatured in SDS sample buffer, fractionated on SDS͞6% or 4-12% polyacrylamide gels, and blotted to nitrocellulose membranes. Western hybridization was performed as described above. MS110 was used to detect immunoprecipitated BRCA1; ␥-tubulin was detected by the same antibody used for immunoprecipitation. In vitro transcription and translation of full-length BRCA1 were carried out by using a kit from Promega and BRCA1 cDNA in pCR-Script (a gift from Jeff Holt, Vanderbilt University) as template.
RESULTS

BRCA1 Is Localized to the Centrosome During Mitosis.
Two BRCA1-specific antibodies were used for these studies: MS110, a mouse mAb raised against a BRCA1-GST fusion protein containing amino acids 1-304 of human BRCA1 protein (13) , and C-20, a rabbit polyclonal antibody raised against a peptide corresponding to amino acids 1843-1862 of human BRCA1. Immunofluorescence staining of a population of replicating COS-7 cells revealed the usual dot pattern in the nucleus. However, a unique staining pattern reminiscent of centrosomes was observed in mitotic cells (Figs. 1-3) .
To confirm the localization of BRCA1 protein at mitotic centrosomes, we conducted a series of double-staining experiments using C-20 and MS110 for BRCA1 staining, ␥-tubulin and pericentrin antibodies for centrosome staining, and ␣-tubulin antibody for microtubule staining. In addition, DAPI staining of DNA was used to locate the nucleus. Double-staining of COS-7 cells with ␥-tubulin antibody and BRCA1 C-20 antibody provided direct evidence for the presence of BRCA1 protein at mitotic centrosomes. Two-color (BRCA1ϩ␥-tubulin) or three-color (BRCA1ϩ␥-tubulinϩDAPI) composite images showed colocalization of the BRCA1 and ␥-tubulin signals at mitotic centrosomes (Fig. 1) . The concentration of BRCA1 signal at mitotic centrosomes was apparent from prometaphase to metaphase (Fig. 1 A) and early anaphase (Fig. 1B) . As with ␥-tubulin ( Fig. 1 ) (23), BRCA1 staining diminished at the centrosome as cells proceeded to late anaphase (Fig. 1C ) and telophase (data not shown). Results were similar when COS-7 cells were costained with MS110 (Fig. 2a) and pericentrin antibody (Fig. 2b) . Both BRCA1 MS110 (Fig. 2d ) and C-20 ( Fig. 2e) stained mitotic centrosomes. In contrast, interphase cells had one or two centrosomes juxtaposed to the nucleus (Fig. 2g) and exhibited only nuclear dot staining pattern of BRCA1 (Fig. 2h) , with no overlap between the nuclear BRCA1 dots and the interphase centrosomes (Fig. 2g-i) . The same staining results were obtained whether the fixative was neutral paraformaldehyde or methanol. Control experiments using normal mouse IgG and rabbit IgG to replace primary antibodies or using C-20 peptide to block C-20 antibody did not show staining of the centrosome (data not shown).
BRCA1 was also present at mitotic centrosomes of human breast epithelial cells (BE46, E6͞BE46, and 184A1), 293 cells, and breast cancer MCF7 cells. An example of E6͞BE46 costained with ␣-tubulin antibody and BRCA1 C-20 is seen in Fig. 2j-l and shows the BRCA1 signal concentrated at the spindle poles.
220-kDa BRCA1 Protein Is Present in Isolated Centrosomes. Centrosomes were isolated from COS-7 and MCF7 cells by discontinuous sucrose gradient fractionation (35) and subjected to SDS͞PAGE and Western analysis. The cells were harvested for these procedures after brief treatment with nocodazole and cytochalasin D to disrupt microtubules and the actin cytoskeleton. Fractions enriched for centrosomes were indicated by the presence of ␥-tubulin. BRCA1 protein was detected by Western hybridization with the MS110 antibody. As shown in Fig. 3A , the distribution of 220-kDa BRCA1 protein among the fractions parallels the distribution of ␥-tubulin; the BRCA1 and ␥-tubulin protein signals were strongest in fractions 2 and 3, corresponding to 55 Ϸ 60% wt͞wt sucrose. Because of variation of the sucrose gradient, the strongest signal sometimes concentrated only in one fraction as in Fig. 3B control. However, only a small portion of the total BRCA1 protein was present in the centrosome fractions. To eliminate the possibility of contamination with interphase nuclei that have abundant BRCA1 protein, the same blot was probed with lamin antibodies. We detected no lamins in the centrosome fractions (Fig. 3A) . Results were the same with MCF7 cells (data not shown). These biochemical data confirmed the presence of 220-kDa BRCA1 protein at the centrosome.
BRCA1 Protein Is Enriched in Centrosomes Isolated from Cells Arrested in G 2 ͞M. Levels of BRCA1 protein in centrosome fractions from exponentially growing COS-7 cells were compared with their counterparts from cells arrested in G 2 ͞M. Cells were incubated with 2 M thymidine for 10-12 h and then with 1 M nocodazole for 12-14 h at 37°C (36) . Flow cytometric analysis indicated that the G 2 ͞M population was enriched 3-4-fold by this treatment (Fig. 3B) . Centrosome preparations from equal numbers of control and mitosisarrested cells were subjected to Western analysis. Two components of the mitotic cyclin-dependent kinase, cyclin B and p34 cdc2 , were used as controls; both of these proteins accumulate at the centrosome in a cell cycle-dependent manner (26, 27) . ␥-Tubulin served as the indicator for centrosome fractions. Cyclin B, p34 Cell Biology: Hsu and White Proc. Natl. Acad. Sci. USA 95 (1998) 12985 rested in G 2 ͞M; the level of BRCA1 protein in these centrosomes was 3-4 times the amount seen in control cells (Fig. 3B) .
No lamin was detected in the centrosome fractions. Association Between ␥-tubulin and BRCA1. The association between BRCA1 and the mitotic centrosome was further confirmed by coimmunoprecipitation of BRCA1 and ␥-tubulin protein. Western blot analysis demonstrated that both were present in the immunoprecipitate generated from COS-7 cells by BRCA1 C-20 antibody. MS110 was used to detect the BRCA1 and ␥-tubulin antibody for ␥-tubulin (Fig. 4, lane 2) . ␣-Tubulin was not immunoprecipitated by C-20 (data not shown). No BRCA1 or ␥-tubulin proteins were detected using rabbit IgG, the negative control (Fig. 4, lane 1) . When C-20 peptide was added to block the C-20 antibody, neither BRCA1 nor ␥-tubulin was immunoprecipitated (data not shown). Reciprocally, monoclonal ␥-tubulin antibody, but not mouse IgG, also brought down BRCA1 protein (Fig. 4, lanes 3 and 4) . These results indicate that a specific, but perhaps not direct, interaction between ␥-tubulin and BRCA1 does occur.
The phosphorylation status of BRCA1 varies during the cell cycle. This phosphoprotein migrates as a Ϸ220-kDa doublet upon SDS͞6% polyacrylamide gels (13) . The more slowly migrating band that corresponds to the hyperphosphorylated isoform of BRCA1 is predominant in S phase (14, 15, 19) . A more rapidly migrating band represents the hypophosphorylated isoform (13, 20) . In our experiments, BRCA1 immunoprecipitated by ␥-tubulin antibody appears to migrate slightly faster than BRCA1 immunoprecipitated by C-20 from wholecell lysates (Fig. 4) . To test whether BRCA1 is hypophosphorylated when associated with ␥-tubulin, we resolved immunoprecipitated samples on an SDS͞4-12% polyacrylamide gel with longer separation times to better resolve high-molecularweight proteins. As shown in lane 5); however, the hypophosphorylated BRCA1 band was visible after longer exposure (data not shown). To exclude the possibility that the BRCA1 associated with the centrosome might not be a full-length protein, the blot containing lanes 1-2 was hybridized with D-20, a rabbit polyclonal antibody raised against amino acids 2-21 of human BRCA1 protein; with MS13, which recognizes the N-terminal region of BRCA1; and with C-20, which recognizes the C-terminal region of BRCA1. All of these antibodies recognized the BRCA1 protein in the isolated centrosomes (data not shown), indicating that the hypophosphorylated BRCA1 associated with the centrosome is a full-length protein.
DISCUSSION
We provide here evidence demonstrating an association of BRCA1 protein with the centrosome in mitotic cells. This evidence includes the results of immunofluorescence microscopy using polyclonal and monoclonal BRCA1-specific antibodies that recognize a C-terminal and an N-terminal domain of the protein respectively ( Figs. 1 and 2 ). Biochemical analysis of isolated centrosomes further supports the presence of 220-kDa BRCA1 protein in the centrosomes (Fig. 3A) . Furthermore, quantitative analysis of the 220-kDa BRCA1 protein associated with centrosomes isolated from equal numbers of exponentially growing control cells and cells arrested in G 2 ͞M (Fig. 3B) indicates that the enrichment of BRCA1 in arrested cells is proportional to the enrichment of the G 2 ͞M population. This observation is consistent with results of immunofluorescence staining that localize BRCA1 to centrosomes in mitotic cells but not in interphase cells.
Coimmunoprecipitation of BRCA1 with ␥-tubulin (Fig. 4 ) suggests an interaction between these two proteins. ␥-Tubulin, a crucial component of the centrosome, is responsible for nucleation of microtubules. It forms complexes with other components of the centrosome such as pericentrin (37) , and mammalian homologues of the yeast spindle pole body components Spc97p and Spc98p (38, 39) . However, to our knowledge, BRCA1 is the first tumor suppressor protein found to be associated with ␥-tubulin, albeit perhaps indirectly, an observation that suggests that BRCA1 may be a regulator of mitotic-spindle assembly and of the G 2 ͞M checkpoint. Supporting evidence for involvement of BRCA1 in regulation of G 2 ͞M comes from a discovery by Larson et al. (40) that overexpression of a dominant-negative C-terminal peptide containing amino acids 1,293-1,863 alters G 2 ͞M progression and results in a decrease of the G 2 ͞M population and a reduction in the efficacy of colchicine in inducing G 2 ͞M arrest (40) . It is also possible that BRCA1 associates with centrosomes during mitosis as a way to achieve appropriate distribution between the two daughter cells, as may be the case with other nuclear proteins such as NuMA (41) , a molecule that also is required for the proper completion of mitosis (42) . We also show that the BRCA1 protein associated with the centrosomes is hypophosphorylated (Fig. 5) , suggesting that phosphorylation status may be important in determining the centrosome functions and͞or subcellular distribution of BRCA1, or may be the result of its association with the centrosome.
BRCA1 is involved in progression of the cell cycle. Its expression and phosphorylation are cell cycle dependent, and overexpression induces growth arrest (43) or apoptosis (44) . On the other hand, cellular proliferation is accelerated when BRCA1 expression is suppressed by antisense oligonucleotides (45) or by overexpression of dominant-negative BRCA1 peptides (40) . Furthermore, breast tumors carrying BRCA1 mutations accumulate more chromosomal abnormalities (46) compared with breast tumors without BRCA1 mutations. It is likely that BRCA1 plays a continuous role throughout the cell cycle: expression and phosphorylation is induced at G 1 ͞S transition, and a complex with rad51 is associated with chromosomes during S phase and participates in DNA repair (10) . Moreover, as a component of RNA polymerase II (8) or as a coactivator of p53-mediated transcription (9), BRCA1 may regulate the expression of other genes required for cell cycle progression. An increasing number of proteins involved in the G 2 ͞M checkpoint are found to associate with centrosomes during cell cycling, e.g., cyclin B (26), p34 cdc2 (27, 28) , p53 (30) , and 14-3-3 (29) . Therefore, it is possible that BRCA1 also plays a functional role with mitotic centrosomes.
